Abstract-In this paper, an analytical approach for the availability evaluation of cellular manufacturing systems is presented, where a manufacturing system is considered operational as long as its production capacity requirements are satisfied. The advantage of the approach is that constructing a system level Markov chain (a complex task) is not required. A manufacturing system is decomposed into two subsystems, i.e., machining system and material handling system. The machining subsystem is in turn decomposed into machine cells. For each machine cell and material handling subsystem, a Markovian model is derived and solved to find the probability of a subset of working machines in each cell, and a subset of the operating material handling carriers that satisfies the manufacturing capacity requirements. The overall manufacturing system availability is obtained using a procedure presented in the paper. The novelty of the approach is that it incorporates imperfect coverage and imperfect repair factors in the Markovian models. The approach is used to evaluate transient and steady-state performance of three alternative designs based on an industrial example. Detailed discussion of the results and the impact of imperfect coverage and imperfect repair on the availability of manufacturing system is presented. Possible extensions of the work and software tools available for model analysis are also discussed.
these imperfections constitute even a very small percent of all possible system faults, the availability of the system may be considerably reduced. The manufacturing system designer usually ignores this small number of faults that can be critical in evaluating the performance of various design alternatives.
Several research efforts have been directed toward design and performance analysis of manufacturing systems. Early approaches, were mainly based on queuing theory. Koenigsberg and Mamer [2] used queuing theory to obtain approximate performance of a production system. Yao and Buzacott [3] developed an open queuing network model to evaluate the performance of a flexible manufacturing system. The model proposed by Yao and Buzacott [3] addressed two major issues: improving machine utilization and reducing the work in process. The deficiency of queuing models is that they do not consider the failure and repair processes of components.
Several models for performance evaluation of automated manufacturing systems (AMS's) have been proposed recently. These models use the framework of performance modeling of fault tolerant computer systems. For example, Ram and Viswanadham [4] applied this framework to evaluate the performance of an AMS. Albino et al. [5] developed a reliability-performance model for an AMS. The model developed by Albino et al. [5] considered not only the failure and repair processes of components but also the degradable state of the system. The deficiency of the approaches discussed above is that they do not include imperfect repair and coverage which may considerably impact the validity of the results. In addition, the existing models cannot be extended to include other important components of the system, e.g., tools, control systems, and their main focus is on the steady state analysis of discrete manufacturing systems. Moreover, the model proposed by Albino et al. [5] did not include material handling systems. For more complete description of performance models of manufacturing systems, see [6] [7] [8] .
The popularity of steady-state analysis of manufacturing systems stems from its computational simplicity. Although the steady-state performance analysis is important, the advantages of transient analysis of the system cannot be overlooked. Narahari and Viswanadham [9] discussed several manufacturing scenarios, where transient analysis is of vital importance. In particular, the examples of such scenarios include, systems with failure states, systems with imperfect repair and coverage, unstable queuing systems, and systems with fluctuating workloads. In this paper, a dependability model for evaluation of performance of a manufacturing system is presented. The meaning of dependability here is twofold: 1) system availability and reliability [10] ; 2) dependence of the performance of manufacturing system on the performance 1042-296X/97$10.00 © 1997 IEEE of its individual physical subsystems and components. The model considers the task-based availability of a manufacturing system, where the system is considered operational as long as its task requirements are satisfied. In other words, one assumes a manufacturing system functions properly, if it is able to achieve the required level of performance, e.g., the production capacity exceeds a given lower bound. The approach uses a two level structural decomposition and task based availability to perform transient analysis of the performance of manufacturing systems. The analysis and further extensions of the model for design of manufacturing systems are discussed in Section III.
In designing a manufacturing system, the availability of the system is a major concern. The availability measure of the system is discussed in the next section.
II. THE DEPENDABILITY MODEL
Availability is the probability that a system is operational at the time of interest [11] . The system availability is computed as the total of probabilities of the operational states of the system. A state is operational when its performance is better than a threshold value. To calculate the availability of a manufacturing system, the states (each corresponding to an acceptable system level) are determined. A system level is acceptable when its production capacity is satisfied.
As an example, consider a machine cell with three identical machines. It is required that at least two machines in the cell must function to meet the production capacity required. Assume that four levels of operation are defined for the cell: 1) only one machine operates; 2) two machines are operating; 3) all three machines are operating; and 4) none of the machines operate. Each level of operation corresponds to a particular performance level of the cell. As it required that at least two machines are functional, levels 2 and 3 are acceptable for operation of this cell. These are the only levels corresponding to the sates of the system that satisfy the cell production capacity requirement. Therefore, the availability of the cell can be computed as the total of probabilities of the states that correspond to the levels 2 and 3.
To analyze the system with the failure/repair process and imperfect coverage, Markov models are often used. However, the exponential growth in the state space for Markov models tends to limit the size of the problems considered [1] . As a manufacturing system includes a large number of components with failure/repair processes and imperfect coverage, the system-level Markov model becomes computationally intractable. In this paper, a decomposition approach for analysis of manufacturing systems is presented.
First, the system is decomposed into two major subsystems, i.e., machining subsystem and material handling subsystem. At the second level, the machining subsystem is decomposed in machine cells. A Markov chain is constructed and solved for each cell to determine the probability of at least operational machines at time where satisfies the production capacity requirement of machine cell Then, the probability is determined that material handling carriers provide the service required between operational machines in machine cell and operational machines in machine cell for at time where, is the number of machine cells in the decomposed system. Assuming that the lower level subsystems are statistically independent, the availability measure of the entire system is computed from (1) ( 1) where availability of the manufacturing system at time availability of machine cell at time availability of the material handling subsystem at time total number of machine cells in the system. To present the dependability model of a manufacturing system, the following assumptions about the failure/repair process of machines and material handling carriers are made:
A. Assumptions 1) All subsystems and components are statistically independent.
2) The machines and material handling carriers have identical exponential failure rate and respectively. 3) There is a single repair facility for each component type in each subsystem with an exponential distribution repair time. The corresponding repair rates are and for the machines and material handling carriers, respectively. 4) On line repair of each component of any subsystem is possible. 5) The failure/repair activity duration of each component is considerably greater than the processing and transfer time of parts. The Assumptions 1-3 are often used in dependability studies. The structural decomposition results in subsystems that are statistically independent. The Assumptions 2 and 3 perfectly hold for the type of cellular manufacturing systems considered in the paper. The validity of Assumption 4 is explained next. If any component of the system, e.g., machine or material handling carrier fails, the system can be repaired without bringing down the entire system. Since the manufacturing system is complex, the functional state of the MHS cannot be neglected and the MHS should be repaired without bringing down the entire system. Finally, due to the linkage between machines by the MHS, it is necessary to perform availability analysis of the MHS from the system perspective.
To illustrate the decomposition approach presented in this paper, consider the system in Fig. 1 . The part produced in this system includes four operations and each performed on machine and , respectively. The system in Fig. 1 consists of two major subsystems: the machining subsystem and the material handling subsystem. The machining subsystem is further decomposed into four machine cells and where each machine cell 1, 2, 3, 4, consists of a set of parallel machines (see Fig. 2 ). The machine cells and are connected by a material handling carrier. The machines are versatile (each machine in the system can perform a number of different operations) and a particular part can be manufactured in several routes. When a machine that performs a specific operation is down, then the part can be routed to an alternative machine by a material handling carrier.
To satisfy the production capacity requirement of the system, each machine cell should have at least 1, 2, 3, 4, operational machines. Furthermore, operational machines of cell should be connected to machines of cell by a material handling carrier.
B. Machine Cell Subsystem
The requirement for machine cell including parallel machines of type is that at least of these machines must function for the system to be operational. To determine the system availability which includes imperfect coverage and repair, a failure state due to imperfect coverage and repair is introduced [1] .
To explain the impact of imperfect coverage in manufacturing, consider the system that includes two identical machines (see Fig. 3 ). If the coverage of the system is perfect, i.e., then operation is performed as long as one of the machines is operational. However, if the coverage is imperfect, then operation fails with probability if one of the machines in Fig. 3 fails. In other words, if operation has been scheduled on machine that has failed, then the system in Fig. 3 fails with probability
The Markov chain for machine cell is shown in Fig. 4 . The coverage of the machine cell in Fig. 4 is and the successful repair factor is At state machine cell is functioning with only machines operational. At state machine cell is functioning with all machines operational. The state of machine cell changes from working state for where, is the number of operational machines in machine cell to failed state either due to imperfect coverage or due to imperfect repair If the fault coverage of the system and repair of the components are perfect, the Markov chain in Fig. 4 reduces to an one-dimensional machine repairman model. For better understanding of the model in Fig. 4 , see [1] .
The solution of the Markov chain model in Fig. 4 is a probability that at least machines in machine cell are working at time To obtain the availability formula for machine cell one proceeds as follows. Denote the probability that machine cell is at state at time where, is the number of operational machines in machine cell The probability of at least machines being operational in machine cell is (2) where availability of machine cell at time probability of machines being operational in machine cell at time total number of machines of type in machine cell required minimum number of operational machines in machine cell
C. Material Handling Subsystem
After a Markov chain for each machine cell of the system in Fig. 2 is constructed and desired probabilities and corresponding to machine cells 1, 2, 3, and 4 are determined, a material handling capability between machines in machine cells 1 and 2, 2 and 3, 3 and 4 should be provided. In other words, the design of the system should guarantee that the required number of material handling carriers is available to perform the part transfer between the operational machines between cells and for 2, 3, 4.
Consider two alternative layouts of the manufacturing system in Fig. 1 (see Fig. 5(a) and (b) ). As the system in Fig. 1 includes one AGV, it is obvious that its failure causes the system failure. Each of the systems in Fig. 5(a) and (b) includes two and three AGV's, respectively. While one of the AGV's in the system in Fig. 5(a) fails, the other can perform the service required. The layout in Fig. 5(a) permits the failure of one AGV, however, this failure may cause the failure of the system with probability as the coverage of the system is not perfect. The layout in Fig. 5(b) includes three AGV's and while two of them are at the failed state the system is operational with probability
The Markov chains of the MHS subsystem for the layouts in Fig. 1, Fig. 5(a) and (b) are presented in Fig. 6 , respectively. Note, the Markov chain in Fig. 6 (top left) does not include imperfect coverage so that the MHS subsystem cannot be reconfigured.
In the Markov chains in Fig. 6 and denote, the failure rate, repair rate, coverage factor, and the successful failure repair rate for the AGV, respectively. The first part of the horizontal transition rate with the term in Fig. 6 (bottom left) and (left) represents the system failure due to imperfect coverage of an alternative AGV. The second part represents imprecise repair of the AGV. The vertical transitions reflect the failure and repair of the AGV's. It is worth mentioning that the Markov chain model in Fig. 6 is constructed under the assumption that only one AGV fails at a time. This is a valid assumption since the failure and repair distributions of AGV are continuous.
To obtain an availability formula for the MHS subsystem one proceeds as follows. Denote the probability that the system is at state at time where is the number of operational material handling carriers in the system. The probability that the required number of material handling carriers is available for part transfer between the operational machines is (3) where probability of operational material handling carriers in the system at time ; total number of material handling carriers in the MHS subsystem; required minimum number of material handling carriers to provide the part transfer. Calculating from (2) and (3) the availability measures and for the machine cells and the MHS subsystem in Fig. 1 , the availability of the entire system is determined from (1).
III. ILLUSTRATIVE EXAMPLE
Consider a product (gudgeon) manufactured in two steps. Two types of machines, the Universal Milerator U14 are used to perform the first operation, and MAZAK Gudgeon Gouger G20 for the second operation. The capability of three U14 machines matches that of two G20 machines, and at least two G20 machines have to be operational at any time in order to satisfy the system production capacity requirement. The company could purchase three G20 machines and as many U14 machines as required. Assume, three AGV's are available for part transfer. The three alternative layouts of this manufacturing system are presented in Fig. 7(a)-(c) . Table I presents failure/repair data of the system components.
The system in Fig. 7 is decomposed into two machine cells (see Fig. 8 ). It is required for machine cell 2 that at least two G20 machines are operational. This implies that at least three U14 machines must work to match the performance of FIG. 7(b) resented in Fig. 7(a)-(c) , respectively, to find a probability that the AGV's provide the service required between the operational machines of type U14 and G20. Finally, from (1) the availability of the entire system is calculated. The computational results for the system in Fig. 7(b) are summarized in Table II . The sensitivity analysis of the manufacturing system is discussed next.
A. Discussion of the Sensitivity Analysis Results
The advantage of the model presented in this paper is that sensitivity analysis of the entire manufacturing system as well as each machining cell and MHS subsystem can be performed. The results of the sensitivity analysis of the system are illustrated in Fig. 12 which depicts the availability of the system as a function of the time. The numbers 1, 2, 3 indicate the systems in Fig. 7(a)-(c), respectively. Fig. 13 Fig. 7(b) .
illustrates the sensitivity analysis of the system in Fig. 7(b) . The symbols in Fig. 13 , represent the imperfect coverage and repair for which the availability of the system is computed. One can see from Fig. 12 that the layout with two AGV's is superior. While the availability of the system in Fig. 7(a) is only 65% after 12 hours of operation, it is almost 82% for the system in Fig. 7(b) . Furthermore, the analysis of results in Fig. 12 indicates when the third AGV is introduced to the system in Fig. 7(c) , the availability of the system is smaller than for the layout in Fig. 7(b) , as the decrease in availability due to imperfect coverage and repair is larger than the increase due to redundancy of AGV's. One can easily see from Fig. 13 , when the coverage of the manufacturing system in Fig. 7(b) is perfect its availability increases by 5%. Moreover, when the repair of the components is perfect, the availability of the system increases by 10%. The results of the analysis imply that the assumption of perfect coverage and repair of the components of the manufacturing system, which is the case of the models presented in the literature, considerably affects the value of the actual availability measure.
The results of analysis for machine cells 1 and 2, and the material handling subsystem is depicted in Figs. 14-16 . The sensitivity analysis of machine cell 1 indicates, when the required number of operational machines in machine cell 1 increases to 4, the availability of the machine cell decreases by 3%. Also, when only two machines of type G20 are purchased, then the availability of machine cell 2 decreases by 20%. Therefore, the introduction of a redundant machine of type G20 is critical for the system, as it considerably improves the availability of machine cell 2. The analysis of the MHS subsystem indicates that when single AGV is used (see Fig. 16 for 1), the availability of the MHS subsystem decreases by 20%. The sensitivity analysis allows to determine the time of a major repair policy of the system. For example, if the availability requirement of the system in Fig. 7(a) is 70%, then a major repair of the system should be scheduled every 12 hours (for in Fig. 12 ).
IV. CONCLUSION
An analytical technique for the availability evaluation of cellular manufacturing systems was presented. The novelty of the approach is that the construction of large Markov chains is not required. Using a structural decomposition, the manufacturing system is divided into two subsystems, i.e., machining subsystem and material handling subsystem. For each subsystem a Markovian model was derived and the probability was determined of at least working machines in cell for and working material handling carriers for MHS subsystem at time where and satisfy the system production capacity requirements. The novelty of the approach is that it incorporates imperfect coverage and imperfect repair factors in the Markovian models.
The approach presented in the paper was used to evaluate the steady state and transient performance of three alternative designs of an industrial system. The advantage of the model and transient analysis presented in this paper is that it allows to perform sensitivity analysis of an entire manufacturing system as well as its components. The results of the sensitivity analysis were discussed. The impact of the imperfect coverage and imperfect repair on the system availability was presented. The analysis indicated that the assumption of perfect coverage and perfect repair of the components of the manufacturing system considerably effects the validity of the actual availability measure. The analysis further revealed that when the system coverage and the component repair was not perfect, adding redundancy to the system might decrease the system availability. Another important observation from the sensitivity analysis was that it allowed to determine the timing of a major repair policy of the system. The model presented in this paper can be extended to include other components, e.g., tools, control systems. For example, consider the system in Fig. 7 , in which U14 machines of machine cell 1 are centrally controlled. Then, instead of decomposing the entire system into two major subsystems one can decompose the system into three subsystems, namely, machines, MHS, and control system, and perform the analysis discussed in Section II. However, increasing the number of subsystems increases the number of Markov chains and transition rate matrices. Therefore, including additional components in the performance analysis model should be considered only if the performance of these components highly affects the system performance.
It was assumed that the failure and repair times of the machines and MHS were exponential random variables. However, in industrial systems, the time distributions are arbitrary which can be handled semi-Markov processes [8] . A semiMarkov process is an extension of the Markov process where the Assumptions 2 and 3 are relaxed. As a result, failure and repair times are no longer constrained to be exponentially distributed. A state transition may now occur at any time, and the failure/repair time can follow an arbitrary distribu-tion. However, when a failure/repair event does occur, the Markov process representation applies, i.e., the probability of making a transition to any new state depends only on the current value of the state. The software tools available, e.g., SHARPE (Symbolic Hierarchical Automated Reliability and Performance Evaluator) and HARP (Hybrid Automated Reliability Predictor) can be used to perform analysis of such semi-Markov models as well as analysis of the model presented in this paper.
SHARPE developed by Sahner and Trivedi [12] uses a hierarchical modeling approach for analyzing complex reliability models. It allows to solve combinatorial and Markov or semiMarkov sub-models. The selection of the number of levels of models and model types is defined by the modeler. The component distribution function can be, e.g., exponential with a range zero to one.
HARP developed by Bavuso et al. [13] uses a structural and behavioral decomposition of the system for modeling its dependability and reliability. The information is provided to HARP using a fault tree or Markov chain representation. The fault tree representation is preferable as it is often more concise. If the system is represented by a fault tree, then it is internally converted to a Markov chain. The reliability and availability of a model is obtained as appropriate totals of the state probabilities, where each state probability is calculated by solving a coupled system of ordered differential equations with the Runga-Kutta procedure.
Several other software packages are also available for the evaluation of reliability, availability, and serviceability of systems. For a complete survey of software tools see [14] .
